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INTRODUCTION 24
Cardiovascular disease, and its associated sequelae, continues to be the leading cause of 25 morbidity and mortality in the developed world, despite significant advancements in available 26 treatment modalities (41). Ischemic heart disease specifically represents a significant source of 27 lethal and sub-lethal complications of acute and chronic cardiovascular related disease (41). The 28 resulting tissue damage associated with ischemic cardiovascular events occurs due to a 29 combination of ischemia and a paradoxical reperfusion following restoration of blood flow to 30 ischemic tissue, commonly referred to as ischemia-reperfusion (I/R) injury. The molecular 31 underpinnings of this I/R-induced cascade of accelerated tissue damage are still being elucidated 32 (58). One contributing factor may stem from damage to the endothelial cells, which are 33 particularly sensitive to I/R. Injury and subsequent swelling in endothelial cells can impede 34 blood flow upon reperfusion, which is termed the "no-reflow phenomenon". This phenomenon 35 has been shown to occur with I/R in both the myocardium (20) and brain (4) and is associated 36 with worse clinical outcomes and increased mortality in patients who have undergone 37 percutaneous coronary intervention (20) . 38 In clinical settings, a paucity of intervention strategies exist for mitigating the effects of 39 I/R injury, which animal models suggest may account for approximately 50% of the infarct size 40 in myocardial events (29) . Recently, Seeger et al. (48) demonstrated that a single bout of high- 41 intensity interval exercise is protective against impaired vascular function following I/R in 42 humans in vivo utilizing a brachial artery model, a commonly used model of I/R injury as 43 brachial artery function has been shown to be correlated with coronary artery function (1).
44
Exercise and passive heat stress have many common physiological effects, including increases in 45 body core temperature and increases in blood flow and vascular shear stress (32). Increases in 4 counter-balanced order. Sessions were held in a climate-controlled room (21-24°C) at the same 90 time of day for each subject. For each session, brachial artery endothelial function was assessed rather than the local effects of elevations in skin and muscle temperature. Subjects were 136 instructed to drink ad libitum while in the hot tub.
137
This heating protocol (temperature of ≥38.5°C for 60 min) was selected to match other 138 hot water immersion protocols performed in our lab which we have used to demonstrate long-139 term cardiovascular adaptations to repeated hot water immersion (14, 15) . We originally selected 140 this protocol as it has been shown to be the most effective for inducing hallmark signs of heat 141 acclimation when using passive hyperthermia (26) and because HSP expression is dependent 142 upon time spent above a threshold core temperature, which in humans has most commonly been 143 reported to be in the range of 38.0-38.5°C (50).
144
Following 60 min of immersion, subjects exited the tub and transferred to a recovery 145 chair. We continued to monitor Tre and HR for at least 10 min, or until Tre had fallen below 146 38.5°C. After this time, nude body weight was measured a second time, subjects got dressed 147 (rectal thermistor remained in place) and rested seated until they had been out of the tub for 40 148 minutes. This time duration was selected so that the second FMD measurement would take place 149 exactly 60 min after exiting the hot tub, which would allow time for body core temperature to 150 return to baseline (confirmed by Tre) and for increased expression of heat shock proteins (22). If 151 subjects did not drink enough fluids to fully replace water lost during heating, they drank the 152 remaining fluid volume during this recovery time so that hydration status would be similar across 153 FMD measurements. FMD measurements were made in accordance with established guidelines (34). Subjects 157 rested supine with the right arm extended 80-90° away from the body at heart level. A high-resolution Doppler ultrasound (Terason t3000cv; Teratech, Burlington, MA) equipped with 10.0third of the arm, 3-9 cm proximal to the antecubital fossa, using an insonation angle of 60°.
161
Probe placement (distances and angles) and subject position (including limb-trunk angles) were 162 recorded and repeated to ensure consistency between FMD and RH measurements. Images were 163 optimized using ultrasound contrast controls which were consistent across experimental trials for 164 each individual subject (45). A blood pressure cuff was placed 0.5-2.0 cm distal to the 165 antecubital fossa and inflated to 250 mmHg for 5 min. Following release of the occlusion, blood 166 flow and thus shear rate increase substantially, resulting in dilation that peaks after ~40-90 sec 167 (10). Measurements of brachial artery diameter and velocity were recorded 1 min of baseline 168 prior to cuff inflation and for 3 min following release of the cuff.
169
Ultrasound images were captured at 20Hz using video recording software (Camtasia®; 170 TechSmith®, Okemos, MI, USA) and were later analyzed for changes in arterial diameter and 171 peak blood velocity using a custom-designed edge-detection and wall-tracking software, which is 172 largely independent of investigator bias (56). From these measurements, FMD was calculated as 173 the percent change in brachial artery diameter from baseline to peak dilation post-occlusion. The 174 shear stimulus responsible for eliciting dilation was calculated as area under the curve above 175 baseline shear rate from the time of release to peak dilation (SRAUC).
176
To characterize the RH response, blood velocity and diameter were averaged across 177 cardiac cycles and used to calculate forearm vascular conductance (FVC) as (peak blood 178 velocity/2) x vessel cross-sectional area (from diameter) / mean arterial pressure. Beat-by-beat 179 FVC values were zero-hold interpolated to 5Hz. Peak RH was determined as the peak FVC Hot water immersion resulted in an increase in rectal temperature from 37.1±0.3°C at rest 214 to a peak of 38.9±0.2°C (p<0.001) and an increase in heart rate from 81±18 beats/min prior to 215 entering the hot tub to a peak of 127±18 beats/min (p<0.001) ( Figure 2 ). Tre had returned to 
Vascular responses 220
We observed a significant interaction effect of intervention x time point on FMD%, both 221 using ANOVA (p=0.02) and linear mixed model analyses (p=0.04) ( Figure 3A ). Using ANOVA 222 posthoc analyses, we found no significant effect of hot water immersion or time control on 223 FMD%. Post-I/R, we observed a significant reduction in FMD% on the time control day (p=0.03 224 vs. FMD1). In contrast, hot water immersion prevented the reduction in FMD% post-I/R (p>0.99 225 vs. FMD1). When FMD was presented as absolute peak diameter (Table 2) , we observed a 226 significant interaction effect of intervention x time (p<0.001), but only a trend towards a p=0.04 vs. FMD3 on time control session). 230 We observed no significant changes in baseline brachial artery diameter on the time 231 control day, either after the intervention (p>0.99) or post-I/R (p=0.40). Baseline brachial artery 232 diameter was increased following hot water immersion (p<0.001), and this persisted post-I/R 233 (p=0.047). Furthermore, the shear stimulus was reduced following hot water immersion 234 (p=0.03). SRAUC was also reduced post-I/R on both the time control (p=0.04) and hot water 235 immersion (p=0.02) days. Data are summarized in Table 2 .
236
In linear mixed model analyses, SRAUC was found to be a significant predictor of FMD% 
241
In the microvasculature, there was no significant effect of hot water immersion alone on 242 either peak (p=0.24) or area under the curve RH (p=0.65). On the time control day, I/R resulted 243 in significant reductions in both peak RH (p=0.003) and AUC RH (p=0.01). However, hot water 244 immersion prevented the reduction in peak RH post-I/R (p=0.33 vs. FMD1). Area under the 245 curve RH was still significantly reduced post-I/R relative to FMD2 (p=0.004), although it only 246 tended to be reduced relative to FMD1 (p=0.09). Data are summarized in Figure 3 .
DISCUSSION 251
The present study is the first investigation of the potential protective effects of hot water 252 immersion against I/R-induced vascular dysfunction in humans. By performing multiple 253 analyses, we were able to comprehensively characterize how I/R affects the vasculature and how 254 hot water immersion may protect against the damaging effects of I/R. Specifically, we confirmed 255 previous reports that forearm I/R results in a reduction in FMD%, and discovered that hot water 256 immersion prevents this reduction in FMD% post-I/R. Furthermore, I/R reduced the shear 257 stimulus responsible for inducing brachial artery vasodilation. However, despite the influence of 258 SRAUC on FMD%, statistically accounting for these changes confirmed the ability of hot water 259 immersion to protect the brachial artery against impaired vascular function following I/R.
260
Finally, and in agreement with forearm conduit arteries, I/R reduced forearm microvascular peak 261 RH, whilst this reduction was prevented by hot water immersion. Taken together, these 262 observations may have some future clinical relevance for adopting hot water immersion as a 263 strategy to minimize I/R injury.
264
In humans, vascular function in the brachial artery is commonly studied as a surrogate for 265 coronary function as FMD has been shown to be correlated in the two vessels (1). Accordingly, 266 we utilized a model of I/R which has been shown in multiple previous studies to consistently 267 impair brachial artery FMD% (36, 37, 53) . Most recently, Seeger et al. (48) reported a ~40% 268 reduction in brachial artery FMD following I/R using the exact procedures used in the present 269 study. We observed a similar, albeit slightly smaller, reduction of ~27%, but FMD% was still 270 consistently reduced across subjects.
271
In previous studies, others have attributed this reduction in FMD% post-I/R to damage to 272 the brachial artery. However, in the present study, reductions in FMD% were accompanied by a reduced shear stimulus for vasodilation, likely secondary to the reduction in microvascular peak 274 RH. Given earlier reports highlighting the importance of shear for artery dilation (47), the 275 reduction in FMD% may be at least partly related to the reduced shear stimulus. However, 276 statistically correcting for changes in SRAUC did not remove the significant impact of I/R on 277 FMD%. Together, these findings suggest that the reduction in FMD% post-I/R is caused by a 278 combination of both impairments in brachial artery endothelial function and a reduced shear 279 stimulus. Although our findings may dispel conclusions made in previous studies specifically 280 regarding brachial artery function post-I/R, we do not believe they necessarily diminish the 281 utility of studying forearm I/R in future studies. With ischemic events, such as heart attack or 282 stroke, the majority of damage occurs in the downstream tissue, rather than in the conduit 283 vessels. Thus, given our findings, forearm I/R may actually be an ideal model for replicating 284 ischemic events in humans. However, the damaging effects of I/R may be better captured by 285 assessing damage in both the macro-(i.e., brachial artery dilator function) and microvasculature 286 (i.e., using reactive hyperemia), rather than just using FMD alone.
287

Effects of hot water immersion on the brachial artery 288
Following hot water immersion, resting brachial artery diameter was increased, which 289 resulted in a reduction in the shear stimulus following release of the arterial occlusion for the 290 post-intervention FMD. Elevations in body core temperature during hot water immersion require 291 redistribution of blood to the skin for thermoregulation, creating significant increases in shear 292 rate on the brachial artery, resulting in shear-induced vasodilation (17). Although we waited an 293 hour post-hot water immersion before making post-intervention measurements and Tre had 294 returned to resting, the brachial artery still remained dilated. However, despite this slight dilation 295 and reduction in shear stimulus following release of the arterial occlusion, FMD% was hot water immersion was protective against the reduction in peak RH following I/R; however, 342 the area under the curve RH response was still impaired. As such, we conclude that hot water 343 immersion mitigates microvascular impairment, but does not fully prevent it. Regardless, given 344 that I/R primarily affects the microvasculature, any protection may be beneficial, although 345 studies utilizing repeated hot water immersion are necessary to determine whether protective 346 effects can be obtained chronically.
347
In animals, acute sub-lethal heat stress has been shown to confer short-term protection 348 from I/R injury (3, 23, 40) , while long-term heat acclimation has been shown to result in a 349 phenotype that is anti-oxidative (8) and anti-apoptotic (5), thus providing more lasting protection 350 from I/R injury. Additionally, during ischemia, heat-acclimated cells are better able to shift 351 towards a greater reliance on anaerobic metabolism and become more metabolically efficient so 352 that the rate of glycogen depletion is reduced (25). In general, longer term heat exposure is 353 required to attain these cytoprotective effects (5); however, it is possible we observed protective 354 effects of acute hot water immersion through some of these mechanisms in the present study.
355
Limitations 356
We utilized a time control rather than a thermoneutral water immersion sham and therefore 357 cannot distinguish effects of hydrostatic pressure from heat. Increased hydrostatic pressure 358 during acute thermoneutral water immersion has been previously shown to alter cardiovascular 359 hemodynamics, including increased cardiac output and mean arterial pressure (2), increased 
Conclusions & Perspectives 369
In the present study, we have demonstrated that one bout of hot water immersion prevents the 48), who showed that one bout 374 of interval exercise was protective against reductions in FMD% following forearm I/R.
375
Based on these findings, it is plausible that hot water immersion could be used to protect 376 against I/R injury in patient populations, for example, those at high-risk for myocardial infarction 377 or stroke. However, given the unexpected nature of when myocardial infarctions and strokes 378 occur, chronic use of hot water immersion (i.e., heat therapy) may be preferable as it is currently 379 unknown how long the protective effects of a single bout of hot water immersion may last.
380
However, a single bout could be utilized pre-operatively by patients undergoing surgeries in 381 which blood flow will be occluded through an artery or to a limb for an extended period of time 382 (e.g., aneurysm repair or joint replacement surgeries). For example, extensive damage is known 383 to occur secondary to tourniquet use (43, 59) which could be mitigated by prior hot water 384 immersion, and typically these patients are not able to exercise prior to surgery due to pain.
385
Not only could repeated bouts of hot water immersion counteract the unanticipated 386 timing of myocardial infarction and stroke, but it may also impart greater protection against I/R mechanism. Circulation 116: 1386-1395, 2007. 
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